. Preprotein targeting to SecA is thought to involve signal peptides 4 and chaperones like SecB 5, 6 . Here we show that signal peptides have a new role beyond targeting: they are essential allosteric activators of the translocase. On docking on their binding groove on SecA, signal peptides act in trans to drive three successive states: first, 'triggering' that drives the translocase to a lower activation energy state; second, 'trapping' that engages non-native preprotein mature domains docked with high affinity on the secretion apparatus; and third, 'secretion' during which trapped mature domains undergo several turnovers of translocation in segments 7 . A significant contribution by mature domains renders signal peptides less critical in bacterial secretory protein targeting than currently assumed. Rather, it is their function as allosteric activators of the translocase that renders signal peptides essential for protein secretion. A role for signal peptides and targeting sequences as allosteric activators may be universal in protein translocases.
We sought to dissect the individual contributions of signal peptides and mature domains to membrane targeting and to post-targeting translocation steps. Because SecB is not universal or essential 6, 8 , we used the SecB-independent 9,10 substrate proPhoA (periplasmic alkaline phosphatase).
The affinity of proPhoA for inverted inner membrane vesicles (IMVs) containing SecYEG either alone or complexed with SecA was determined (Fig. 1a) . ProPhoA associates with high affinity (0.23 mM) to SecYEG-bound SecA, but not to SecYEG alone. Like proOmpA 5 , proPhoA requires SecA as an essential receptor. ProPhoA association to SecYEG-bound SecA is only marginally reduced if the signal peptide is impaired (proPhoA(L8Q), proPhoA(L14R), see refs 9-11). In contrast, this binding is reduced sevenfold once the mature region is carboxy-terminally truncated (proPhoA(1-62)). Therefore, the mature domain moiety contributes substantially to proPhoA translocase binding. This association was quantified for the first time: PhoA associated with SecYEG-bound SecA almost as strongly as proPhoA (0.6 mM), demonstrating that mature domains contain prominent targeting determinants. A large excess of signal peptide, added in trans, does not out-compete PhoA binding ( Supplementary  Fig. 2 ). Thus, signal peptide 4 and mature domain 12 binding sites on SecA must be distinct.
Soluble SecA also binds proPhoA and its derivatives tightly, with ,1:1 stoichiometry ( Fig. 1a and Supplementary Fig. 3b and c) . This implies similar recognition of mature domains by SecYEG-bound and cytoplasmic SecA, although the latter interaction is ,tenfold weaker. Because a synthetic proPhoA signal peptide binds to soluble SecA with fivefold less affinity than PhoA (Fig. 1a) , the mature domain is the primary binding determinant.
Periplasmic PhoA folds into its native, enzymatically active structure after forming intramolecular disulphides 13 . In the reducing, cytoplasm-like, environment used above, proPhoA exists in a 'nonnative' state, has no phosphatase activity ( Supplementary Fig. 1c ) and is translocation-competent ( Supplementary Fig. 1a and b, lane 3). Oxidized, 'native' proPhoA is an active phosphatase, like PhoA 10, 13 ( Supplementary Fig. 1c ), but is translocation-incompetent (Supplementary We next turned to post-targeting events. Is docking of a mature domain to the translocase sufficient to ensure secretion across the membrane? In contrast to proPhoA that was proficiently secreted in vivo or in vitro (Fig. 1b-d To identify what is the essential role of signal peptides in translocation, we examined their effect on ATP hydrolysis by the translocase ( Fig. 2; Supplementary Fig. 4 Fig. 4a ) 14, 15 . Wild-type proPhoA synthetic peptide alone fully retains the ability to lower E a to a similar extent (Fig. 2a, lane 7) and in a saturable manner (Supplementary Fig. 4d ). In contrast, its L8Q or L14R derivatives (Fig. 2a, lanes 8 and 9) , mature PhoA, proPhoA(L8Q) and proPhoA(L14R) (lanes 4-6) all fail to lower E a . Therefore, functional signal peptides are necessary and sufficient to lower the activation energy state of the translocation ATPase, an effect we term 'triggering'. However, because neither signal peptide nor PhoA alone stimulated translocation ATPase (Fig. 2b, lanes 5 and 2) , several ATP turnovers 15 require ongoing 'secretion' of mature domains (Fig. 2b , lane 1) 7, 14, 15 . These two steps, 'triggering' and 'secretion', are ordered and can be experimentally dissected.
To uncouple them we used prl (protein localization) mutants in sec genes. We reasoned that these might bypass triggering because they allow some secretion of preproteins with defective or missing signal peptides in vivo 9-11, [16] [17] [18] . Indeed, the PrlA4 (refs 10, 16 and 19) Fig. 3a) represent the folds of stimulation achieved by the various preprotein segments as indicated (n 5 4-15).
to 2). Presumably, prl mutations mimic signal-peptide-induced triggering by stabilizing the same low energy conformational state of the translocase.
Prl mutants enabled us to examine the requirements of posttriggering 'secretion' reactions. PrlA4 mutant secreted more wild-type proPhoA in vitro than the wild-type translocase ( Fig. 1c and d ; compare lane 5 to 1) 19 , indicating that 'triggering' is a rate-limiting step for secretion. PrlA4 (refs 10, 16 and 19) associated with PhoA, proPhoA(L8Q) and proPhoA(L14R) indistinguishably from the wildtype translocase (Fig. 1a) , but secreted these preproteins 4-10 times more either in vivo or in vitro (Fig. 1b-d, compare lanes 2-4 to lanes  6-8) . Nevertheless, secretion of mutant substrates, by either wild type or PrlA4 translocase, is still severely compromised compared to that of wild-type proPhoA ( Fig. 1b-d ; compare lanes 6-8 to lane 5) 9 . Clearly, prl mutations only bypass 'triggering'. For efficient protein 'secretion', even the PrlA4 translocase requires functional signal peptides.
These data show that 'secretion' requires the physical presence of signal peptides. To test this directly we used in vitro reconstitution. Wild-type synthetic peptide added in trans stimulated PhoA translocation into wild-type SecYEG IMVs (Fig. 3a , compare lane 7 to lane 5) to levels comparable to those seen with proPhoA (lane 3) and translocation ATPase (Fig. 2b, lane 8) . Similar results were obtained with the PrlA4 translocase ( Supplementary Fig. 5 ). Signal peptides that are defective for proPhoA secretion (Fig. 1b-d (Fig. 3a , compare lane 8 to 7), ATP (Fig. 3a , compare lane 7 to 6) and the 'non-native' state of PhoA ( Supplementary Fig. 6b ), depends on signal peptide concentration ( Supplementary Fig. 6a ), proceeds with similar kinetics to those of proPhoA ( Supplementary Fig. 6b ) and is not affected by the order of ligand addition ( Supplementary  Fig. 5 ). Clearly, signal peptides are essential after triggering to drive mature domain secretion. For this role, their covalent linkage to mature chains is unnecessary.
To identify post-triggering steps required for secretion, complexes of [ 35 S]-PhoA bound to SecA-SecYEG IMVs were isolated (Fig. 3b) . Excess of unlabelled PhoA readily replaces bound [ (Fig. 3b , compare lane 3 to 2). Presumably, signal peptides cause mature domains to become physically 'trapped' in the translocase. Trapping requires concomitant incubation with signal peptide and ATP at 37 uC (Fig. 3b, lane 3) . Low temperature (lane 4), ATP-alone (lane 5), non-hydrolysable ATP (lanes 6 and 7) or a non-functional signal peptide (lane 8), all failed to drive the reaction. Identical results were obtained with the PrlA4 translocase (Fig. 3b, lanes 11-12) . Trapped PhoA represents an early translocation intermediate because, first, trapping is reversed readily after brief chilling (lane 9) and second, all PhoA that is trapped at 2 min is protease-accessible (lane 10) and therefore still largely exposed to the cytoplasm.
The signal peptide binding groove on SecA 4 is essential for all of the sub-reactions dissected here. Inactivation of the signal peptide binding cleft reduces proPhoA affinity to that of PhoA (Fig. 1a) and severely compromises triggering (Fig. 2a, compare lane 11 to 3 ) as well as trapping (Fig. 3c , compare lane 4 to 2). Trapping remains defective (Fig. 3c, lane 6) even after use of a PrlA4 translocase to impose the triggered state artificially (Fig. 2a, lane 12) .
The properties shown here are not only valid for proPhoA but are likely to be universal. Two other signal peptides, from proLamB 4 and proM13coat 20 , drive triggering ( Supplementary Fig. 7 ) and mature PhoA secretion (Fig. 3a, lanes 12 and 13) . Four other mature domains bind to SecA with high affinity in the absence of signal peptides (Fig. 4a) , whereas addition of the proPhoA signal peptide in trans drives their secretion (Fig. 4b) as efficiently as their own signal peptides (Fig. 4c) .
Preprotein signal peptides and mature domains have several distinct roles in secretion (Fig. 4d ) 15, 20, 21 . Signal peptides and, in some cases, SecB binding stabilize 'non-native' states and preproteins are then targeted to the translocase 5, 6, 8, 22 . An additional targeting route, universal in bacteria, was shown here (Fig. 4d, targeting) . This involves direct recognition of 'non-native' mature domains by cytoplasmic or SecYEG-bound SecA. SecA is ubiquitous in Bacteria and LETTERS shuttles between cytoplasm and membrane 5 . Mature domain targeting signals could be degenerate sequences that become buried in 'native' structures, reminiscent of chaperone recognition 23, 24 . Mature domains are main contributors to the docking of several preproteins on SecA (Fig. 4a, d, docking) . This prominence was previously unsuspected. In some cases, signal peptides slightly enhance preprotein binding (Fig. 4a, see phosphatase, b-glucosidase, peptidyl-prolyl cis-trans isomerase (PPIase)), in others they have no contribution (see amylase and sulphatase). Signal peptides with higher affinities 14, 20 or those attached to short mature domains (for example, proPhoA(1-62); Fig. 1a ) could contribute more to preprotein docking. Mature domains (Fig. 1a) 15,25 and signal peptides 4 dock at nonoverlapping SecA sites (Supplementary Fig. 2 ). These must be proximal because proPhoA, in which signal peptide and mature domain are covalently connected, binds two-to threefold more tightly than PhoA (Fig. 1a) . Being significantly larger, mature domains might facilitate positioning of signal peptides over their SecA binding cleft 4 . Tight signal peptide binding to SecA promotes triggering of the translocase holoenzyme (Fig. 4d, triggering) possibly by priming the protein-conducting channels 11,26,27 for opening. Next, it drives trapping (Fig. 4d, trapping) of the first amino-terminal segment of mature PhoA in the translocase so that mature domains become irreversibly engaged in the channel. Trapping is tightly coupled to subsequent complete secretion (Fig. 4d, secretion) through several rounds of ATP hydrolysis and engagement of succeeding mature domain segments. Signal peptides could come off after trapping (Fig. 4d, secretion, left) or may remain bound throughout secretion (Fig. 4d, secretion, right) . Following triggering, signal peptides are expected to form additional intimate interactions with the SecYEG channel 18, 28 . This cascade of events imposes several checkpoints that ensure efficient sorting of secretory proteins from cytoplasmic residents. Cytoplasmic proteins fold rapidly and will not be recognized by SecA. Without a signal peptide, the occasional illicit cytoplasmic binder cannot trigger the translocase and as a result of this proofreading-like function it will be rejected 17, 18 .
METHODS SUMMARY
Strains and reagents. Bacterial strains expressing proPhoA and derivatives have been described previously 14, 19 . SecA and urea-treated IMVs were prepared as described 29 . SecY amounts were quantified using western blots with anti-SecY immunostaining. All genetic constructs and antibodies are described in the Supplementary Methods. Preproteins were purified by Ni 12 affinity chromatography under denaturing conditions in buffer C (50 mM Tris-HCl pH 8.0; 50 mM KCl; 6 M urea; 10% glycerol v/v) and were stored in buffer D (50 mM Tris-HCl pH 8.0; 50 mM KCl; 6 M urea; 1 mM EDTA; 10% glycerol v/v). Alkaline phosphatase units were determined in vivo using p-nitrophenol phosphate (Sigma) as described 10, 13 and were converted to secreted protein mass using a standard curve obtained by determining the units of increasing amounts of purified native PhoA. Signal peptides (chemically synthesized; GenScript) were stored at 15 mM in 100% dimethylsulphoxide at 4 uC. Biochemical and biophysical assays. [ 35 S]-labelled proPhoA and derivatives were prepared by in vitro transcription/translation (Promega) and bound to inverted inner membrane vesicles as described 29 . Binding of proPhoA and derivatives to SecA in solution was determined by isothermal titration calorimetry (VP-ITC, MicroCal) at 8 uC as described 4 . ProPhoA and derivatives were kept in the ITC measuring cell (80 mM; 20 mM Tris-HCl pH 8.0, 20 mM KCl, supplemented with 2 mM Tris (2-carboxyethyl) phosphine (TCEP) to maintain a non-native state), while SecA (1 mM) was added in 20 ml injection steps. Thermal ATPase assays were performed as described 14 in buffer B (50 mM Tris-HCl pH 8.0; 50 mM KCl; 5 mM MgCl 2 ) supplemented with 0.4 mM SecA; 0.5 mg ml 21 BSA; 1 mM ATP and 1.5 mM dithiothreitol (unless otherwise specified). For membrane ATPase, IMVs (0.4 mM SecY) were added. For translocation ATPase, proPhoA or derivatives were further added at indicated amounts. Activation energies were derived from Arrhenius transformations ( Supplementary Fig. 4c ).
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature. 
